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TABLE 5.12. [Continued) 
Ru[l)  - C[14)  - Ru(3)  172.  8 [5) 
Ru(l)  - C[14)  - Ru[5)  85. 6(3) 
Ru(2)  - C[14)  - Ru(4)  163. 4(5) 
Ru(2)  - C(14)  - Ru(5)  81. 9(3) 
Ru[3)  - C[14)  - Ru[5)  87. 4(3) 
Ru[4)  - C[14]  - Ru[5)  81.  5(3) 
R - C  - 0[max)  176. 6(1) 
[min)  171.  2(1. 
(mean)  175.  2 
Ru(l)  - P[l) - C(15)  122. 4(4) 
Ru[l)  - - C[21)  108. 8(3) 
Ru[l)  - P(l) - C[31)  118. 9(2) 
Ru[3)  - P[2) - C[18)  116. 3(3) 
Ru(3)  - P(2) - CC41)  119. ^(2) 
Ru[3)  - P(2) - C[51)  111.  9(2) 
C[15)  - P(l] - C(21)  102.  5(4) 
C[15)  - P(l) - C(31)  99 . 1(4) 
C[21)- P(l) - C[31)  102. 4(3) 
C[18)  - P[2) - C(41)  100. 9(3) 
C[18)  - P(2) - C[51)  104.  5(4) 
C[41)  - P(2) - C[51)  102. 0(3) 
P[l) -- C[151 - C[16)  118. 6(8) 
C(15)  - C(16)  - C[17)  115. 0(9) 
C[16)  - C[l")  - C[1S)  112. 4(8) 
C[17j  - C(18)  - P[2)  113. 1(7) 320-
they would be expected to be equivalent in solution, as 
observed by n.m.r. The binding of the phosphine, to non-
adjacent metal atoms is noteworthy and the bite of this 
particular ligand is appropriate to achieve this. The mean 
Ru(apical) —Ru[basal) —P angle [153.5°) is 10° less than 
the corresponding Ru(apical) --Ru(basal) —C(carbonyl) angle 
(164°). The strapping phosphine causes the ML^ units in the 
base to the square pyramid to tilt in this relatively small 
distortion. Interestingly, for DPPP this strapping conformation 
is the kinetic product but not the thermodynamic product 
(presumably because of the shorter chain length) of the reaction 
whereas for DPPB, the DPPM structure is the kinetic product 
(presumably due to the unfavourability of producing a larger 
ring). 
The importance of the alkyl chain flexibility on the pattern 
of substitution of !Ru_C(CO)^g| with bidentate ligands is 
demonstrated by the reaction of the (-)-Diop ligand. This 
ligand contains, in the middle of the 4-membered alkyl chain 
separating the two phosphorusatoc^, a trans ring junction to 
a five membered ketal ring which should restrict the flexibility 
of the alkyl chain. This is manifested in the reaction of 
(-)-Diop which behaves like DPPP (3 membered alkyl chain) rather 
than DPPB (4 membered alkyl chain like (-)-Diop). That is 
(-)-Diop,similar to DPPP, initially forns structure (f) which 
on standing converts to a mixture of isomers (a) and (b) (see 
Diagram 5.15). The evidence for this comes from its (i) i.r. 
spectrum - which resembles initially that of the DPPB adduct, 
nd on standing in solution converts to one resembling the DPPM 321-
adduct; (ii) n.m.r. spectrum - which for the final product 
mixture shows only two main PCH^ environments of equal abundance; 
31 
[iii) P spectrum - which shows initially a single peak (at 
23.19 p.p.m.) which on standing decreases, concomitant with 
the growth of two peaks of equal intensity (at 29.30 and 19.68 
p.p.m.). 
Since the final i.r. spectrum of this compound, iRu^CtCO)^^-
{(-)-Diop}|, resembles closely that of the DPPM adduct, (see 
Figure 5.7), it is reasonable to assume that it occurs mostly 
as isomer (b) (see Diagram 5.15) in cyclohexane solution. 
31 1 
However, both the P and H n.m.r. spectra indicate that the 
two phosphines are inequivalent and hence suggest that this 
compound has predominantly structure (a) in CH2CI2 or CDCl^ 
solution, and also rigid on the n.m.r. time scale. An 
explanation for this is that the compound has predominantly 
structure (b) in al1 the solvents but the two phosphines are 
made inequivalent due to the chirality of the ligand. That 
is the trans-ring junction in the alkyl backbone forces the 
methylene groups adjacent to the phosphines to occur above and 
below the plane of the square base of the cluster (a similar 
straddling effect has been seen for 'Ru-(COj^Q{(-)-Diop},, see 
Figures 5.2 and 5.3). This coupled with the structure being 
rigid on the n.m.r. time scale explains ^hy the phosphines 
the adjacent methylenes are inequivalent [see Diagram 5.17). 
As ^as seen for Ru^ and Ru^ clusters the abundance of 
products involving the linking of two or ^ore clusters increases 
as the chain length increases. For example, a major side 323' 
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Figure 5.12. [.r. spectra of Ca) Ru-CCCOj^^PPh^Et! and 
Ru  ^TDPPB', in cyclonexane :24' 
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Diagran 5.18 32 5' 
effectively does not change and consists of a 5 band pattern of 
relative intensities 2:3:2:2:2, which indicates the existence 
of either a plane of symmetry (e.g.structure (h)) or a two-
fold axis of symmetry (e.g. structure (g)). The peak of 
intensity 3, in the light of what occurs as the sample is 
warmed, can be assigned to the carbonyls on the axial ruthenium 
atom. On warming, the bands of intensity 2 broaden unevenly 
and coalesce to produce two bands of intensity 4 by 85 °C, 
presumably caused by two unknown equilibrating processes. 
The existence of a carbonyl band of intensity 2 shifted a fair 
distance downfield from the other peaks in the low temperature 
spectra indicates that probably only two carbonyls are on 
the ruthenium substituted by the DPPM ligands, i.e. the 
31 
structure is probably option (gj. The P n.mur. spectra 
indicate the existence of an equilibrating process between the 
two phosphine environments seen in the low temperature spectrum. 
This could occur in option (g) by a rotation of the two 
Ru(CO)(phosphine) units, and in option (h) by a rocking 
process for the phosphines moving them from axial to equatorial 
sites together with a semi-rotation of the two carbonyls. 
This latter process would explain the occurrence of the two 
bands of intensity 4 in the high temperature spectrum but not 
the uneven sharpening of these two peaks. 
A possible explanation of this uneven broadening and 
different positions of the two bands is that they are due to 
localised exchange of only axial or equatorial carbonyls which 
have different activation energies. Such a process is not 
possible for structure fh) as the process of exchange of the 326-
two phosphine environments would necessarily exchange the 
axial and equatorial carbonyls. This is not the case for 
(g), if the exchange process requires the formation of inter-
mediates with axial bridging carbonyls it will also require 
rotation of Ru(CO)(DPPM) units since the units are 
isolated by the phosphine which occupies both axial and 
equatorial sites. This would also cause equivalence, when 
fast enough, between the equatorial carbonyls since this motion 
would generate two time-averaged planes of symmetry bisecting 
the cluster along the two Ru, , —Ru . —Ru, . planes. 
^ basal axial oasal ^ 
The n.m.r. spectra of |RUgC(C0)^^(DPPM)2l confirms 
that a Ru[CO)(phosphine) unit rotation occurs above -65 °C with 
the two sets of signals for the different types of methylene 
protons broadening and coalescing by -10 °C, though a high 
temperature limiting spectrum was not obtained (i.e. a 
triplet), because of cluster decomposition on heating. 328-
position of the cluster in the unit cell. The four E-maps with 
the highest CFOM values were examined and of these the one with 
the highest CFOM gave the correct solution (which agreed with 
the Patterson map). Subsequent difference electron density 
synthesis rapidly located the remaining atoms. Least squares 
refinement of isotopic atoms reduced the R value to 0.082. 
The Ru and P atoms were made anisotropic and rigid phenyl groups 
o o 
were introduced (C —C = 1.395 A, C —H = 1.08 A) and the 
model converged to R = 0.0516 (R = 0.0569, 250 parameters). 
This single crystal study demonstrated that the phosphine 
bridges a Ru —Ru edge (see Table 5.13, and Figure 5.13). 
Imperfect tailoring of the ligand to the cluster is evident in 
the torsional and bond angles in the ligand which show an 
asymmetry in its mode of co-ordination, though the possibility 
that this is due to packing effects in the crystal cannot be 
ruled out. The other members of this series |Ru^C(C0)2g{P —P}| 
(where P —P = DPPE, DPPP, DPPB, (-)-Diop) are thought to have 
similar structures because of the strong similarities in their 
fingerprint patterns to !Ru^C(CO)^_DPPM' (see Figure 5.14). 
However, there is a gradual change in the fingerprint pattern 
as the chain length increases. That is new lower frequency 
bands appear and become resolved (bands at 1 99 5 and 1 900 cm ^) 
_ 1 
and a new bridging band (1 86 5 cm ^) appears. These results 
suggest the appearance of a new isomer but the ^^P n.m.r. 
spectra show only sharp singlets at 31 °C. However, on cooling 
of these samples to -8 5 °C these singlets broaden (e.g. 5 Hz 
at 31 °C, and at -85 °C, DPPM 200 Hz, DPPE 100 Hz and DPPB 332 
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(i) Phosphine walking mechanism 
(ii) Bridge-corner mechanism 
isoner a  isomer b 
(iii) Ru(CO)?P partial rotation mechanism 
Diagram 5.19 51^2 
J J / 
and positive, for 6 ^enbered rings it is small and negative, 
and for larger rings it is near zero. Only one example of 
its use in the structural determination of clusters exists in 
the literature, that is for the two isomers of iH^Ru^^COj^gDPPE 
31 
So, in order to explore this more fully, the P n.m.r. spectra 
were investigated for chelate clusters and their closest non-
chelate analogues. For example, to investigate ring parameters 
with DPPM, DPPE, DPPP and DPPB, PPh^R was used, where R = Me, Et, 
Pr^ and Bu^\ respectively. Thus to measure the ring parameter 
for iRUgCfCOj^^DPFMl, iRUgCfCOj^^CPP^pMe)?! was prepared and 
31 
both their P n.m.r. spectra run and the results inserted into 
the equation, e.g. 
31p n.m.r. shifts: DPPM = -22.70, PPhgMe = -26.38, 
RUrCrCOl^.DPPM = +14.97. RurCrCOjiTtPPh^Mel^ = +19.90-
^ = (14.97 - (-22.70) - (19.90 - (-26.33  ; J 
The ring contributions for the other bidentate phosphine 
substituted clusters were calculated similarly. For clusters 
such as 'Ru2(C0)^Q(PPh2R),! and H^Ru^(C0)in(PPh2^^7 ' where th, 
phosphorus atoms are either inequivalent or two isomers exist, 
a weighted average of ^^P n.m.r. peak positions was used in the 
calculation. The results of these calculations are sho^n in 
Table 5.14. These results demonstrate that either there is no 
ring size dependent contribution to the "^P n.m.r. shift of 
the chelate clusters or that the model non-chelate compounds 
used %ere not suitable analogues. This unsuitability of the 
non-chelate cluster compounds is probably a consequence of the .339' 
31 
vity of the observed P n.m.r. shift on the geometry of 
the substitution. For example, in {Ru C(C0)^2DPPM| two isomers 
exist which differ only in the stereochemistry of the phosphine, 
which chelates to one basal atom, however, each isomer possesses 
31 
distinct P n.m.r. signals (e.g. major isomer = 17.05 p.p.m., 
minor isomer = 14.07 and 12.85 p.p.m.). 
A possible way around this problem, could be to use as model 
compounds,compounds which contain chelating phosphines which can 
form large rings (e.g. DPPB can form either 7 or 8 membered rings) 
31 
and so have a negligible ring contribution to their observed P 
n.m.r. shift. This approach, however, is of limited value as 
the length of the alkyl chain separating the phosphorus atoms 
often strongly affects the mode of substitution. For example. 
!RUgL(LU)2-iF —P)i displays tnree airrerent moaes ui buusuiLUCion 
as the chain length varies. In the one case, where the mode 
of substitution is insensitive to this, iRu2(C0)2Q(P —P)|, 
calculation of the ring parameters using 'Ru^rCCQ^QfDPPB)! as 
the model "non-chelate" analogue, still does not give meaningful 
ring parameters (e.g. the values obtained where: DPPM, -2.77; 
DPPE, 12.12, and DPPP, 5.00). A possible explanation for ihis 
is that the longer Ru —Ru bond length, compared to the C —C 
bond length, causes a change in the expected conformations of 
the rings, and since any change in the angle of the substituents 
31 
on the phosphorus causes a shift in the P n.m.r. signal, the 
expected ring parameters should be different for rings containing 
^ 1 
Ru —Ru bonds. Indeed, this change in the ^ P n.m.r. shift to 
high field %hen structural constraints require small CPC angles^^ 
re.g. the chemical shift of P(0^^)_ = -141." p.p.r., < OPO = ^43-
Ru^C(CO)iy| + (-)-Diop 
(i) CHgClg, 16 h 
(ii) column chromatography 
Ru^C(CO)ig{(-)-Diop}| 
(EtOjgCHCHzCHzSiCOEt) 
acid catalysis 
Ru ^C(CO]^g"(-)-Diop" + EtOH, CHgCfOjCH^, and CH2C(0Et)2CH. 
M'O = SiO^, y-alumina  n 2' ' 
RUaC(C0)i5"[-)-Diop"- - Si[0Et)2_x(M'0^y) 
X 
Diagram 5.21, -34. 
the oxide environment catalysing the hydrolysis of the 
acetal link. 
Conclusion. 
The reaction of ruthenium clusters of nuclearities 3 - 6 
with monodentate phosphines PPhgR yielded the known substitution 
products, i.e. iRuyCCOj^g-xfPPhz^^xl 1 - 3), !H^Ru^(C0)^2_x" 
(PPh?R)^i (x = 1 - 4), iRUrCCCOj.r ^[PPh.R) | (x = 1 and 2) and 
jRUgC(C0)2y_^(PPh2R)^| (x = 1 - 4). Analysis of these compounds 
spectroscopically showed in general as the degree of substitution 
increased,the CO stretching frequency decreased and the degree 
of shielding of the alkyl groups on the phosphine increased, 
as one would expect with phosphines being poorer n acceptors 
than the replaced carbonyls. 
Interestingly, the phosphines in |Ru2(C0)2Q(PPh2R)2l were 
found to be rigid at 31 °C on the n.m.r. time scale, unlike 
the osmium analogue lOs^CCOj^QCPEt-),!. This is presumably 
due to a combination of the smaller Ru^ ring size, and the 
larger cone angles of the phosphines employed. Unlike the 
compounds " 1 - 4) in which only 
one isomer was found to exist for each n on the n.m.r. time 
scale, the compounds iH^Ru^(C0)27_n(PPb2R)nJ (n = 2,3) were 
found to have either two isomers (n = 2) or inequivalent 
^^osphines (n = 3). This is probably a reflection of the 
larger cone angles of phosphines (FPh^R) compared tc tricethyl-
phosphite. Two isomers were found to occur for 'Ru^C^CO)^^-
iPPh^RJ^l, as reported for |Ru.C(COlT-rprO\^0.JTl, and as R 
changed the product distribution changed. S.C. Bro^n reported 347 
driving force in 6 membered rings to achieve boat and chair 
conformations [to relieve ring strain) and this is impossible 
for an edge-bridging ligand as the two phosphines and t%o edge 
ruthenium atoms, because of bonding considerations, have to be 
in a single plane. The DPPB adduct displays both isomers and 
there appears to be no preference for either mode possibly because 
the alkyl backbone is sufficiently flexible to avoid ring strain. 
Three different phosphine co-ordination arrangements have 
been observed for |RUgC(C0)^2(PPh2(CH2)^PPh2)|. The identity 
of the kinetically and thermodynamically favoured form is a 
function of the phosphine chain length. A summary of the 
isomerisation processes of the five iRUgCCCO)^^^^ —P)| deriva-
tives is presented in Diagram 5.22. There is no evidence for 
an edge bridging co-ordination mode d. A single crystal X-ray 
study on isomer a of [Ru-C^CO^^^OPPBl was carried out and 
confirmed the diagonal bridging mode of the phosphine on the 
square face of the cluster. Interestingly, f-)-Diop acts like 
DPPP rather than DPPB which has the same alkyl chain length and 
this is a reflection of the restriction in the flexibility of 
the chain caused by the ketal ring. 
The general structure cf the compounds 'Ru^CrC0],-^P —P)' 
^as found by a single crystal X^ray structure determination on 
the first member of the series, !Ru^C(C0)25DPP^M, to involve an 
edge bridging mode ^ith both phosphines co-ordinated to adjacent 
r%th:nium ators. In order to explain the gradual \u.riition in 
the i.r. spectra as the chain length increased, cis and trans 
orientations of the phosphines had to be proposed Ji^gran 
5.1^'. SuD3crtinc evidence for this was obtained rv a and 348 
P Ru 
b 
d 
Ligand  Isomerisation 
DPPM 
DPPE 
DPPP 
DPPB 
-Dioi 
Diagram 5.22 